The recent research is focused on the experimental study and mathematical modelling of the development of combustion dynamics at thermo-chemical conversion of biomass mixtures (straw with wood pellets) with the aim to better understand the effect of straw co-combustion with wood pellets on the formation of the main gasification/ combustion characteristics. The results of experimental study have shown that thermal interaction between the components at co-combustion of straw with wood pellets at average mass load of straw in the mixture up to 20-30 % promotes faster thermal decomposition of the mixtures and accelerates the flaming combustion of volatiles. The mathematical model considers development of two second order exothermic irreversible chemical reactions at chemical conversion of combustible volatiles (H 2 , CO) to assess their influence on the development of the combustion dynamics downstream the reacting swirling flame flow. The results of mathematical modelling have shown that, in accordance with the data of the experimental study, the maximal values of the flame temperature, axial flow velocity and the mass fractions of the main products (CO 2 , H 2 O) at the thermo-chemical conversion of the biomass pellets and their mixtures were obtained at 20-30 % of the mass load of straw in the mixture, which is recommended as optimal composition of the mixture.
Introduction
In terms of the clean energy targets of EU (20-20-20) there is a requirement of 20 % of energy production from the renewable sources. The need for wider use of alternative fuels is growing, e.g., agriculture residues (straw) for energy production providing co-combustion of straw with different types of fuels -wood, coal, peat, etc. [1] . The co-combustion of straw up to 20 % of the energy basis allows partially reduce the operational problems of boilers [2] and reduce the problems related to the enhanced release of polluting NO x and CO emission, volatile organic compounds (VOCs) and ash formation comparing to pure straw solid fuel combustion [3; 4] . Nowadays, more efficient methods of use of straw solid fuel are developed around the European Union [2] . Especially, interest for straw utilization for energy production has been raised in Denmark [1] and the United Kingdom [5] by varying the straw proportions in solid or gaseous fuel mixtures. The previous experimental study of straw co-combustion with wood [6] or peat [7] has shown that the main gasification/combustion characteristics of fuel mixtures and composition of emission are strongly influenced by the difference in their elemental and chemical composition and heating values promoting the thermal interaction between the components with direct influence on the thermal decomposition of the mixture, formation, ignition and combustion of volatiles. With this account, the main aim of the current study is to provide more detailed complex experimental study and mathematical modeling of the processes developing at co-combustion of straw with wood pellets to assess the main effects, which influence the main combustion characteristics, produced heat energy and composition of the products at thermochemical conversion of straw mixture with coal by varying the mass load of straw in the mixture.
Mathematical modelling
For more detailed analysis of the processes developing at co-combustion of straw with wood, mathematical modelling and numerical simulation of the processes is carried out with account of two dominant second-order chemical reactions of volatiles combustion developing downstream of the combustor:
For mathematical modelling the mass fraction of the main reactants and products in (1, 2) are expressed as C k , k = 1(1)6. Mathematical modelling and numerical simulation of the main combustion characteristics was carried out using the data of experimental results for the mass fraction of the main DOI: 10.22616/ERDev2018.17.N114 reactants at the inlet of the combustor with approximation: C 1 (H 2 ) + C 2 (OH) + C 5 (OH) = 1, C 3 (H 2 O) = C 4 (H) = C 6 (CO 2 ) = 0.
In accordance with data of the experimental results the average values of the mass fraction of the main reactants C 1 (H 2 ) and C 5 (CO) at the inlet of the combustor depend on the mixture composition and are as follows: for wood H 2 = 0.89, CO = 1.43 mol·m -3 ; for 10 % of straw in the mixture H 2 = 0.96, CO = 2.02 mol·m -3 ; for 20 % of straw -H 2 = 0.81, CO = 1.86 mol·m -3 ; for 30 % of straw -H 2 = 0.69, CO = 1.54 mol·m -3 ; for 100 % of straw -H 2 = 1.21, CO = 2.02 mol·m -3 .
The mathematical model uses 1D approximation of flow velocity w = u z /U 0 , density ρ, mass fraction for 6 species and temperature T/T 0 . Numerical simulation is carried out with account of the time-dependent variations of the main flame characteristics downstream of the combustor (x = z/r 0 ) using MATLAB routine "pdepe" for 9 unknown functions of PDEs.
The production rate of k-th species is expressed as [8] : 
where A' 1 = 216, A' 2 = 0.96·10 6 m 3 ·mol -1 ·s -1 ) are the reaction-rate pre-exponential factors; E 1 = 14360, E 2 = 30787 J·mol -1 are the activation energies; R = 8.314 J·mol -1 ·K -1 is the universal gas constant; vʹ jk , vʺ jk are the stoichiometric coefficients of k-th species (products and reactants) in j-th reaction; β j = 0, m 1 = 2, m 2 = 17, m 3 = 18, m 4 = 1, m 5 = 28, m 6 = 44 g·m -3 are the molecular weights of flame species.
The source term for C k in (3) ism k ·Ω k /ρ 1·s -1 . The dimensionless form of PDEs is: 
where b 1 = b 2 = 0, C k -mass fractions of species entering the combustor and reactants (H 2 , OH, H 2 O, H, CO, O 2 ) k = 1(1)6; x = z/r 0 , w = u z /U 0 are the axial coordinate and velocity; 6 J·kg -1 are heat releases of reactions; δ k = E k /(R·T 0 ), (δ 1 = 5.76, δ 2 = 12.34) are the scaled activation-energy; λ = 2.5·10 -1 J·s -1 ·m -1 ·K -1 is the thermal conductivity; D k = 2.510 -4 m 2 ·s -1 is molecular diffusivity of species;
are the scaled reaction-rate pre-exponential factors; Re = U 0 ·r 0 ·ρ 0 /µ = 1 000 is the Reynolds number; µ = 5·10 -6 kg·m -1 ·s -1 is the viscosity; e = 10 -5 is the factor of the artificial viscosity for approximation of the density.
The scaled values are: for inlet temperature and density T 0 = 300 K, ρ 0 = 1 kg·m -3 , for axial velocity U 0 = 0.1 m·s -1 , for length r 0 = 0.05 m (radius of the combustor), for time t 0 = r 0 /U 0 = 0.5 s. For the dimensionless pressure p, we use a model of perfect gas: p = ρ·T.
The boundary conditions at the inlet (x = 0): ρ = w = T = 1, C 3 = C 4 = C 6 = 0, C 1 = C 10 , C 2 = C 20 , C 5 = C 50 (depend on pellets and their mixture). These values are used for initial conditions at t = 0. In the outlet zero derivative conditions are used.
The numerical results of the main flame characteristics (Table 1) are obtained for 0 < x < 2 and 0 < t < 1 (w max = max(w), w end = w(2, 1), T max = max(T), T end = T(2,1), C kend = C k (2, 1), k = 1(1)6, C 10 = C 1 (x, 0), C 50 = C 5 (x, 0), C 20 = C 2 (x, 0) and are expressed with account of their time-dependent variations downstream of the combustor (x, t). The results of numerical simulation have shown that the mass fraction of reactants CO, OH decreases to zero by final time t = 0.5 s. If b 1 =1.6, b 2 = 0.14 the numerical results differ from [9] by about 1-2 %. Table 1 Values of C kend , w max , w end , T end , T max for biomass pellets (wood, wheat straw) and their mixtures (C 2end = C 5end = 0) From the data presented in the Table 1 it follows that the maximal values of temperature, axial velocity and mass fraction of the main product (CO 2 ) are obtained for the mixture with 20 % of straw mass load. For all mixtures the mass fraction of reactants CO, OH in the reactions by t = 0.5 s decreases to zero, indicating incomplete combustion of OH for straw pallets with C 5 end = 0.230.
Concentration of species
The time dependent variations of the flame temperature, flow velocity, density and mass fraction of flame species (final time t f = 1 s) downstream of the combustor (0 < x < 2) are illustrated in Fig. 1-4 . For final time (t = 0.5 s) the results of numerical simulation show a monotone increase of w with correlating decrease of flame density in axial direction (Fig. 1, a) . The time-dependent variations of flow density in axial direction (Fig. 1, b) indicate an increase of the density at the inlet from ρ = 1 (1.0 kg·m -3 at t = 0 to its maximum value in a reaction zone -1.67 kg·m -3 and then decreases to ρ end = 0.184 kg·m -3 .
The concentration of C 2 (OH) rapidly decreases from C 2 = 0.34 (t = 0) at the inlet to zero for fixed time 0.5 s (Fig. 2, a) . The concentration of the final product C 3 (H 2 O) rapidly increases from zero at the inlet (t = 0) to its maximum value 0.087 in the reaction zone and in the final time decreases to asymptotical value 0.075 (Fig. 2, b) . The concentration C 6 of the final product CO 2 at the inlet and t = 0 is equal to zero, then rapidly increases to its maximum value 0.740 in the reaction zone and in the final time decreases to asymptotical value 0.697 (Fig. 3, a) . The axial velocity w increases from w = 1 (0.1 m·s -1 ) at the inlet (t = 0) to its maximum value 5.85 (0.585 m·s -1 ) in the reaction zone at t = 0.351 (0.175 s) and then decreases to w end = 0.307 m·s -1 (Fig. 3, b ). The flame temperature T increases from T = 1 (300 K) at the inlet (t = 0) to its maximum value in the reaction zone -5.414 (1624 K) at t = 2.5·10 -4 s and in the final time decreases to T end = 3.395 (1017 K) ( Fig. 4, a, b) . 
Experimental studies
The effects of wheat straw co-gasification/co-combustion with wood pallets were studied using a batch-size pilot device, which combines a biomass gasifier and the water-cooled sections of a combustor [10] . The gasifier was filled with a mixture of straw and wood pellets by varying the mass load of straw in the mixture from 0 up to 100 %. The thermal decomposition of the mixture was initiated by an external heat source -by a propane flame flow with average heat input 1 kW and duration of the heat input up to 360 s. The experimental study of the gasification/combustion characteristics at thermochemical conversion of the mixtures is carried out at average air excess in the flame reaction zone α ≈ 1.6-1.7. The experimental study involved joint measurements of the main characteristics (elemental composition, heating values) of straw pellets and their mixtures with wood, complex measurements of the mixture weight loss rate (dm/dt), composition of volatiles entering the combustor, local measurements of flame temperature, the products composition by the gas analyser Testo 350 and calorimetric measurements of the cooling water for the gasifier and the combustor.
The results of DTG analysis have shown [10] that the difference in chemical composition of wood and straw pellets results in faster thermal decomposition of straw with faster release, ignition and combustion of volatiles. By increasing the mass load of straw in a mixture up to 20 %, the heat release at combustion of volatiles promotes the thermal interaction between the components with enhanced heating and thermal decomposition of wood pellets and accelerates transition to flaming combustion of volatiles by varying the composition of volatiles entering the combustor, temperature of the reaction zone, heat energy production with improvement of combustion conditions and the composition of the products (Fig. 5, a to d) , as it follows from the results of mathematical modelling and numerical simulation of the processes developing in the flame reaction zone ( Fig. 1-4) . At higher mass load of straw in the mixture >30 % dominates decrease of the produced heat energy in the device with correlating decrease of the heating value of the mixture (Fig. 5, c) .
Fig. 5. Effect of mass load of straw in mixture at co-combustion of straw with wood pellets on formation of volatiles (a), temperature of reaction zone (b), produced heat energy per burned mass of mixture (c) and composition of products (d)

Conclusions
From the results of mathematical modeling and numerical simulation of the processes developing at combustion of volatiles downstream of the flame reaction zone the following conclusions can be drawn: 1. At thermo-chemical conversion of biomass pellets and their mixtures the maximal values of the temperature T max , axial flow velocity w max and mass fractions of species CO 2 are obtained during co-combustion 20 % of straw with wood. 2. This is in accordance with the data of the experimental study indicating that the enhanced thermal decomposition at co-combustion of straw with wood and mass load of straw in the mixture up to 20 % results in an enhanced transition to flaming combustion by increasing up to peak value temperature of the reaction zone, produced heat energy per mass of burned mixture (by about 4-8 %), improving the combustion condition and decreasing the mass fraction of unburned volatiles in the products with correlating in increase of the CO 2 volume fraction in the products.
